INTRUDUCTION
Due to the increasingly stringent emission standards set out in Marpol Annex VI and other documents issued by the IMO (mainly by the MEPC -Marine Environment Protection Committee), designers of modern marine engines were forced to introduce solutions to control the combustion process in them. The most commonly introduced solution (not only in relation to marine engines) is the use of injection equipment operating in the common rail system. The main difference compared to the classic mechanical injection equipment is using one pump producing high pressure of 140-250 MPa and feeding all electronically controlled injectors from one fuel rail. Despite many undoubted advantages of such a solution, its main disadvantage is electronically controlled injectors relatively high failure rate. Currently, two types of injectors are used, piezoelectric and electromagnetic injectors. In the first group, the opening of the injector is caused by changing the volume of the piezoelectric stack. The second solution which will be the object of further consideration is characterized by the control by means of an electromagnetic phenomenon created in the coil.
Operational problems resulting from the use of electronically controlled common rail injectors result mainly from the very high precision of their components and the degree of complexity of the injector, which is larger than in the classical injection equipment. CR injectors can be precisely controlled and tested on the test bench under laboratory conditions, whereas in "field conditions" their diagnosis is practically limited to measuring the volume of fuel flowing out of the control chamber of individual injectors or from all injectors at the same time [1, 8] . It follows that the personnel operating the engine on board a navy ship have very limited possibilities to determine the technical condition of the injectors. In most cases, it leads to a decision to replace the set of injectors of a given engine. Unfortunately, the costs of such an operation often constitute a serious expense for the shipowner. Lack of proper diagnostic tools on board the ship may also lead to a situation when the damaged injector will be still in operation, which in turn may cause serious damage to the entire engine. Common rail injectors are more and more often used in dual fuel engines (diesel oil and gas fuel) [16] . In this case, they are even more vulnerable to damage and disturbances in their operation are also caused by disturbances in the combustion of gaseous fuel. Therefore, there is a strong need to develop methods for an effective and non-invasive method to assess the technical condition of CR injectors. A lot of authors working with this problem [1-7, 9, 11, 12, 15, 17-24] but still an universal vibration diagnostic fuel injection systems is not implemented
CONSTRUCTION OF ELECTRODYNAMICALLY CONTROLLED CR INJECTORS
In the case of high-speed and medium-speed engines,used CR injectors (electrodynamically controlled), structurally and functionally are very similar to injectors operating on the same principle in the automotive industry. In the case of engines fueled with heavy fuel, there are significant differences in the construction of Common Rail injectors due to the significantly higher viscosity of residual fuels. The comparison of the MAN highspeed injector engine structure (injector is manufactured by L'Orange) and the Bosh injector from car engines was presented on Figure 1 [21]. The main difference in the construction of the two presented injectors is based on a different method of regulating the spring tension of the control valve. In Polish Navy, light fuel is used, hence the conclusion that injectors used in new engines assembled on Polish Navy ships will be similar to those from the automotive industry. The comparison of the injectors used by MTU is presented in figure 2 . The analysis of the current needs of the Polish Navy results from and applies to series engines from 1100 to 4000 (some of these engines is already mounted on board of ships). Despite the differences in the construction of CR system injectors and typical injectors in both cases, the main source of vibrations recorded on their hulls are phenomena associated with the lift and fall of the injector needle related to the opening and closing of the injector. The equation describing dynamics of the Common Rail injector needle according to [10] is: (1) where:
-needle mass; c -needle motion viscous damping coefficient; c 1 -upper needle seat damping coefficient; c 2 -lower needle seat damping coefficient; k -spring coefficeint for nozzle valve spring; k 1 -spring coefficient for upper nozzle valve seat; k 2 -spring coefficient for lower nozzle valve seat; F cr -coil force; F trfriction force between nozzle body and needle; F 0 -initial spring tension for needle; p II , p IV -pressures acting on needle presented on fig. 3 ; A II -area of needle in cross-section II; A III -area of needle in cross-section III; A IV -area of needle in crosssection IV.
Taking into consideration the right side of the equation (1) and the construction of Common Rail injectors it can be stated that mechanical damage will result in pressure changes in the different parts of the injector nozzle. Mechanical damage to the control valve will result in a drop of pressure in the control chamber. As a consequence, changes in the technical condition of the injector must alter to the parameters of the needle's movement, which in turn will affect as changes of dynamic parameters recorded on the injector body. Changes in the initial spring tension for the needle on the right side of the equation (1) 
COMMON RAIL INJECTORS THE MOST COMMON DAMAGES
CR injectors in accordance with available literature [8, 14, 15] are the most breakdown element of the fuel supply system of modern diesel engines. Injector damage can be divided into three main groups: damage to electrical and electronic components that are relatively easy to detect even without the need to disassemble the injector from the engine. The next group is damage to the injector's hull and its external elements, usually it is possible to diagnose after disassembling from the engine and thoroughly cleaning the injector. The last group of damages is damage to their internal components in most cases impossible to detect outside specialized repair workshops. According to the data presented by [14, 15] , the most frequent internal damages of Common Rail injectors elements include all kinds of damage to the control valve consisting in loss of tightness of the pair valve-seat. This results in a change in the characteristics of the fuel injection process. The most common cause of such damage is poor fuel quality, especially the presence of water or mechanical impurities. Another group of damages are control piston damages consisting mainly of the formation of scratches and corrosion on its surface caused by the presence of solids or water in the fuel. The nozzles of the injectors are also damaged, mainly due to difficult operating conditions and the associated exposure to high temperatures occurring in the engine's combustion chamber. The last group of failures significant from the diagnostics point of view are damages to the injector's needle consisting of its erosion, corrosion or seizure. In this case, the poor quality of fuel fed to the engine is also the most common cause.
In conclusion, it should be noted that the most common cause of CR injectors damage is poor fuel quality. This issue is extremely important considering the conditions of operation of navy engines, where they are exposed to contact with contaminated fuel. It should be emphasized that the most common contamination occurring in light marine fuel (in NATO, fuel type F-75) is water accumulating in storage tanks as well as in daily tanks.
INSPECTION OF INJECTORS TECHNICAL CONDITION
CR injectors technical control can be carried out in various ways. The simplest test that does not require disassembly of the injector from the engine is verification of injector electrical control signals. It is necessary to use an oscilloscope or a diagnostic device dedicated for a given engine brand. Another test is to check the amount of fuel overflowed by the injector, thanks to which it can be evaluated the condition of the control valve [9, 14, 15] . The best and usually reliable method is to dismantle the injectors from the engine, wash them in ultrasonic washers and test at special workstations to check the operation of the injector in selected operating conditions. Vibration tests of the investigated by authors injectors were carried out on the NT 816C test bench. The stand, the fragment of which can be seen in Figure 4 , enables testing of the most brands injectors. Injector tests were first conducted to detect failures and deviations from the nominal parameters of the eight Common Rail injectors coming from the AR 32501 engine. The injectors type 0445110002 were tested, which normally cooperate with the Bosch EDC 15C-5.8 controller. In order to determine the values of vibration parameters of injectors working individually, measurements of vibration accelerations were already carried out on the all stages of the tests. The piezoelectric accelerometer was mounted on the hull of individual injectors in exactly the same place. The mounting location of the vibration sensor is shown in Figure 4 . It should be emphasized that this measurement gives the possibility to register the injector's vibrations without any interference from other injectors working.
The injector test at the test bench is conducted in four stages. First, the injector overflow measurement was carried out at the maximum pressure in the power rail (for the tested type 140 MPa), then tests for maximum capacity (135 MPa) was carried out. The next stage was measurements for partial load (80 MPa). Finally, measurements for idling (25 MPa) and the measurements of the pilot dose was realized at the fuel pressure in the rail of 80 MPa. The test results for all injectors are summarized in Table 1. The table also In navy ship conditions, the crew is usually able to perform only the simplest overflow tests which, however, do not give full information about the technical condition of tested injectors, which is confirmed by the results presented in table 1. all injectors would meet the efficiency condition specified by the overflow test. injectors 5 and 6 are characterized by optimal doses of injected and overflowed fuel with good leak test results. this proves their good technical condition (all values are within the middle range of values specified by the manufacturer) in contrast to other injectors, especially numbers 7 and 8, which should be considered as in the worst condition (not suitable for further use) . knowing the technical condition of the injectors, further tests were carried out to determine the relationship between the vibration parameters and the condition of the tested elements.
MEASUREMENTS OF VIBRATION PARAMETERS ON THE BENCH
The next stage of the research was to install the already tested two sets of injectors at the Common Rail diesel engine control unit station located at Polish Naval Academy. The stand was manufactured by Mechatronika company. The test station enables to control of the correct functioning of the CR system components with particular emphasis on the high pressure pump and injectors. The method of assembling the transmitters on the injector hulls is shown in Figure 5 . Figure 6 shows the functional diagram of the station. The accelerometers was mounted at the same places as at the first stage of research. The accelerometers were mounted on threaded bases glued with epoxy adhesive glue. A characteristic feature of the station is the ability to control the operation of the injection system by an independent controller, thanks to which it is possible to change the injection Kluczyk M, Grządziela A.: Marine diesel engine Common Rail injectors monitoring with vibration parameters parameters and make them independent of the engine control map. However, for the needs of the measurements, the stand was controlled by a control computer dedicated to this type of engine. This enables the real character of the injectors operation to be reproduced. Recorded vibration signals excluding the forces associated with normal engine operation. The tests were carried out under operating conditions set for two rotational speeds (1500 rpm and 2000 rpm) and two different pressures in the Common Rail (50 and 80 MPa). During the measurements, the time courses of vibration accelerations in the band from 1 Hz to 12.8 kHz were recorded. Examples of vibration acceleration courses of all tested injectors operating at 80 MPa and 2000 rpm are presented in Figure 7 . A sensors with guaranteed linearity for 10 kHz were used, therefore all analyzes were limited to this frequency. 
MEASUREMENTS AND RESULTS
Accelerations of vibrations time courses recorded during the measurements were analyzed using the Pulse Reflex software. First, the general values of vibration accelerations were compared from the entire recording time. Values were averaged over time periods of 50 ms. Figure 8 compares the values of the acceleration of vibration general level of all tested injectors. These are the results obtained during the test for partial load (test stand for injectors testing), so they refer to injectors working individually without the influence of other working in the injector engine. The bolded continuous lines indicate signals from the injectors, which technical condition was determined to be the best (no. 5 and 6).
The broadband analysis (5Hz-10kHz) makes it possible to state that injectors in good technical condition are characterized by values of the general level of acceleration at an average level. The deterioration of the technical condition results in the reduction or increase of the broadband value of vibration accelerations. Similar results were obtained during all tests carried out in the first stage of testing (the exception was the leak test during which the injector does not work). During the next stage of analyzes, recorded signals were subjected to frequency analysis - Figure 9 . Analysis of the spectra presented on Figure 9 allowed to determine the range of potentially sensitive frequencies (4-5kHz) for changes in the technical condition of the type of injectors under consideration. Table 1 The occurrence of the same dependencies as in the case of analysis of the general vibration level in the range of 10Hz-10kHz was found. The deterioration of the technical condition of injectors caused a change in the value of vibration accelerations below or above the range of characteristic values for efficient injectors. It is characteristic that the initial stages of damage occurring in the case of injectors 1-4 (see table 1 ) cause an increase in the value of vibration accelerations in the indicated frequency band. Injectors operating with significant damage 8-9 (see table 1 ) are characterized by decreasing these values in relation to the optimal values characteristic of fully functional injectors.
The same method of signal analysis was used in the case of signals registered during the operation of injectors at the Common Rail engine control station (Fig. 5) . The values of the general level of vibration acceleration of all tested injectors are shown in Figure 10 . Interpretation of the results presented in Figure  10 does not allow to state similar conclusions as for first stage of measurements. The reason for this fact is probably the impact of vibrations generated by the remaining working injectors. Therefore, the analysis of frequency spectrums was made, resulting in the selection of a frequency region potentially sensitive to changes in the technical condition in the range of 500-2000 Hz - Figure 11 . This region is different than in the case of analyzes carried out in relation to signals from the first stage of research. This is due to the fact that the way the injectors are mounted on test bench is completely different. The values of the mean value of vibration accelerations for the selected 500-2000Hz frequency range are shown in Table 3 . The obtained average values of vibration accelerations in the frequency range 500-2000 Hz of efficient injectors assume to have nominal values, especially for partial loads. It is necessary to select a frequency range sensitive to each type of injectors due to the fact that the values of vibration parameters from the individual injectors working under nominal operating conditions are imposing. Therefore, the obtained values of general vibration levels can be misleading.
CONCLUSIONS AND FURTHER RESEARCH
The analysis of the obtained results allows to indicate certain dependencies between the technical condition of Common Rail injectors defined at the measurement stands and their vibration parameters. It is possible to specify the frequency range in which changes in the value of vibration Kluczyk M, Grządziela A.: Marine diesel engine Common Rail injectors monitoring with vibration parameters accelerations identify changes in the technical condition of the injectors. This frequency range is characteristic for a given type of injectors, depending also on the method of its mounting on the engine. Therefore, it is necessary to perform the reference characteristics of vibration accelerations of efficient injectors in the full range of engine loads. By referring current values of vibration parameters to known reference values, it is possible to determine if a given injector is suitable for normal operation. It has been found that the state of technical inefficiency of injectors causes their vibroactivity to increase. Damaged injectors are characterized by vibration parameters lower than those specified for fully functional injectors.
The obtained results are a good premise for further research, which the authors will take in relation to the tested injectors working on the engine. It will allow to obtain signals disturbed by vibrations generated by engine auxiliary mechanisms. It will also be important to change the way how injectors are mounted on the engine. This will probably change the range of sensitive frequencies.
In order to implement the method of determining the technical condition of Common Rail injectors on board of Polish Navy ships, it is still necessary to carry out many tests on CR engines of various types with injectors. It will be necessary to determine the values of vibration parameters characteristic of fully efficient injectors. On this basis, it will be possible to precisely determine the value of changes in vibration symptoms that give information on the technical condition of injectors of naval diesel engines operating in the Common Rail fuel systems.
